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INTRODUCTION
The use of synthetic aperture sonar (SAS) has become a standard modality for the detection of targets in marine environments [1] [2] [3] . In particular, SAS platforms that operate at frequencies below 50 kHz and with a wide bandwidth have several advantages over other sonar technologies (such as side-scan sonar, which can be limited in range and range resolution). Low-frequency, broad-bandwidth SAS platforms can provide longer detection ranges, the possibility of coupling into elastic modes of vibration of a target, and deeper penetration into sediments. Longer detection ranges are possible due to the lower attenuation of low-frequency sound in water. This then permits rapid wide-area surveys. In addition, the range resolution of a SAS platform is related to the bandwidth of the transmitted signal and is independent of the range to the target. Excitation of the elastic modes of vibration of a target offers a mechanism that may be exploited by classification algorithms to differentiate a target from clutter. With greater penetration depths into sediments, the detection of partially and completely buried targets becomes feasible. Kargl et al [2] recently presented a model to investigate the response of buried targets to a sonar signal. That model combined first-order perturbation theory for scattering from a rough surface and an approximation based on free-field scattering. This paper reports on a model that combines an acoustic ray model and free-field scattering for targets within the water column.
In the development and validation of automatic target recognition (ATR) algorithms, access to a large collection of SAS data sets for a given target in various environments and various targets in the same environment is desirable [4] . However, the in-situ collection of data in a marine environment can be time consuming, cost prohibitive, infeasible due to limited access to a particular environment, and subject to either changes to the environment during the collection period or a lack of measurement of environmental conditions. The model presented below allows one to fabricate SAS data for a target in a marine environment with the caveat that passive noise and reverberation must be obtained from an additional model (such as the model described in [2] ). The generated SAS data sets can supplement other SAS data sets and aid in the development and validation of ATR algorithms.
ACOUSTIC RAY MODEL FOR TARGET SCATTERING
When the wavelength of sound is much smaller than the depth of a waveguide, the scattering of sound from a target within a homogeneous waveguide can be approximated by an acoustic ray model. The waveguide of interest here is a homogeneous layer of water between an upper semiinfinite half-space of air and a lower semi-infinite half-space of a homogenous sediment. Figure  1 (a) depicts the scattering problem, and displays the direct path arrival as well as the ray paths that interact once with the upper and/or lower boundaries. By considering image sources and receivers reflected about the boundaries, one can associate acoustic ray paths with these images. Figure 1 (b) depicts the image sources and receivers and their associated acoustic rays. Figure 1 also demonstrates the reduction of the waveguide scattering problem to an equivalent superposition of (possibly infinitely many) free-field scattering problems. In the model discussed here, the homogeneous sediment has been modeled as either an attenuating fluid with a frequency-independent loss parameter or as a fluid described by an effective density fluid model [5] . For an image source, an image receiver, and a target located at r i , r j , and r t , the horizontal distances are R ti = |R t -R i | and R jt = |R j -R t |, and the total separation distances are d ti = |r t -r i | and d jt = |r j -r t |, respectively. In the enumeration of image sources and receivers, i = 0 and j = 0 correspond to the actual source and receiver. The contribution of the i th source and the j th receiver to the frequency spectrum of the total scattered signal can be written as
where ω is the angular frequency and P src (ω) is the frequency spectrum of the transmitted wave packet. The reflection coefficients at the upper and lower boundaries are U(θ) and L(θ). Here, θ denotes a local grazing angle at the boundary, and is given by cos(
The m and n exponents indicate the number of interactions a ray has with a given interface. The time delay for propagation from the source to the target is t ti = d ti / c and the time delay from the target to the receiver is t jt = d jt / c. The speed of sound in the water is c. In (1), the sources and receivers are assumed to be point-like with omni-directional directivity patterns. The scattering process is a convolution of a free-field scattering amplitude f (θ ij ,φ ij ,ω) with the incident pressure spectrum P src (ω). Here, θ ij and φ ij are target-centered angles, which are related to the θ i and/or θ j and may also depend on the orientation of the target within the waveguide. The free-field scattered pressure in the far-field of a target is p src ≈ p 0 f (θ,φ) exp(ikr) / r, where the wavenumber is k = ω / c, f (θ,φ) is a scattering amplitude with spherical coordinate polar and azimuthal angles θ and φ [2] , and p 0 is a constant carrying the units of pressure. For a finite target, the scattering amplitude is often related to the scattering form function by f (θ,φ) = aF (θ,φ) / 2 with a being a characteristic dimension of the target. Inspection of p src shows that the target is point-like, where the directionality of the scattered field is contained within f (θ,φ) along with information about the material properties of the target. Finally, f (θ ij ,φ ij ,ω) can be obtained from an analytic solution to a scattering problem (e.g., scattering from a spherical target), direct measurement from an actual target, or numerical simulation (e.g., finite-element analysis).
APPLICATION OF THE MODEL TO CIRCULAR SAS
As an example, the waveguide model in (1) is applied to a monostatic circular SAS (CSAS) scenario where the duration of the generated time signals is such that arrivals from the air-water interface are excluded. This then yields four rays paths where i = 0,1 and j = 0,
with t 1 = 2d 0 /c, t 2 = (d 0 + d 1 )/c, and t 3 = 2d 1 /c, and the grazing angle is θ g . The scattering amplitudes, f k = f k (θ ij ,φ ij ,ω), depend on the locations of the sources, receivers, and target, and target orientation (in the Fraunhoffer region, and equivalent expression with some useful angle definitions can be found in [6] . Eq. 3). An inverse Fouier transform of P(ω) then gives a generated sonar signal that includes the four primary acoustics paths for a target near an interface. The first term in the bracket of (2) is the direct path. The second term includes the two paths that interact with the bottom once. These paths are reciprocal and are associated with a bistatic scattering direction. The last term is a backscattering path with two bottom interactions.
For the results presented here, the target is placed at the center of the CSAS path. It is a machined aluminum replica of a solid steel artillery shell, which was deployed during Pond Experiment 2010 (PondEx10). In (2), we use a free-field scattering amplitude derived from a hybrid 2D/3D model. The hybrid 2D/3D model implemented a 2D finite-element model (FEM) prediction of the target response on a surface near the target, and then propagates the target response to some specified range using a discrete form of the 3D Helmholtz integral with a freefield Green function [7] [8] [9] . The hybrid 2D/3D model can be applied to targets with a cylindrical symmetry. A target drawing and the FEM mesh is depicted in Fig. 2 . This scattered pressure is converted to a scattering amplitude and placed in a table, f ijk , with θ i = i∆θ, φ j = j∆φ, and ω k = k∆ω. Given the source and receiver locations along the circular path and the local grazing for the target location, values of θ and φ are determined. Linear interpolation was then employed to extract scattering amplitude values from the table.
Two simulations were performed with the radii of the CSAS path of 5 and 10 m, and adjacent signals were recorded at ∆θ = 1° along the circular path. The source and receiver were colocated 3.8 m above the sediment and were assumed to be omni-directional. The sound speed and density of the water are c = 1500 m/s and ρ = 1000 kg/m 3 . The sediment was an attenuating fluid with c s = 1775 m/s, ρ s = 2000 kg/m 3 , and δ = 0.008 for the loss parameter. The source emitted a 6 ms chirp with a carrier frequency of 16 kHz and bandwidth of 30 kHz. These parameters roughly correspond to experimental conditions during PondEx10. Figure 3 shows the acoustics color templates obtained from PondEx10 data, FEM simulations, and the ray model. Acoustic color templates depict the target strength as a function of frequency and a targetcentered aspect angle projected onto the water-sediment interface [6] .
Inspection of Fig. 3 shows that both the FEM and ray model results capture much of the structure observed in the PondEx10 data. This structure includes both geometrically reflected acoustic energy and acoustic energy that couples into the elastic response of the target. Comparison of Figure 3(b) and (c), particularly in the −10 to −17 dB range, reveals that the ray model result has a slight smoothing. This is a consequence of the discrete representation of f ijk and the linear interpolation. The good agreement may be anticipated because a free-field FEM and Helmholtz integral result for a target at a 10 m range was used in the tabulation of the f ijk . Figure 4 shows the PondEx10 data for the aluminum replica, FEM and Kirchoff-Helmholtz integral simulation, and the ray model given in (2) for the target at a 5 m range. An important aspect of the ray model simulation is that it used the table f ijk that was derived from a free-field FEM and Helmholtz integral simulation for a target at a 10 m range. This is possible because the scattering amplitude is range independent and contains only information about the directionality of the scattering and material properties of the target. The construction of the model in Eq. (2) explicitly accounts for interactions with the water-sediment interface. Thus, only a single freefield measurement from a target or a single free-field FEM and Helmholtz integral simulation is sufficient to provide a scattering amplitude that can be used to rapidly predict the scattering from a target near a bound at any range (provided the range meets the far field requirement).
CONCLUSIONS
Section 2 presented a model that combines a ray-based description of wave propagation in a waveguide with a far-field approximation for the free-field scattering from a target. In Sec. 3, the model given in Sec. 2 was applied to a circular SAS example for a proud target where interactions with the upper boundary could be ignored (e.g., due to time gating). Figures 3 and 4 demonstrate that the ray model captures the structure observed in both experimental data and an alternate simulation that used the hybrid 2D/3D model. At the time that Fig. 3(b) and 4(b) were computed, a hybrid 2D/3D model result took 2 to 3 days to complete. The ray model results depicted in Fig. 3(c) and 4(c) took on the order of 30 CPU seconds. Thus, the ray model retains most of the high fidelity of the hybrid 2D/3D model at a fraction of the computational resources.
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Enclosure 3

Fast Ray Model Deficiency:
A fast ray model developed in FY11 assumed a homogeneous layer of water. Rays are assumed to travel in straight line segments from a source to a receiver. For an interaction of a ray with an interface, an appropriate reflection coefficient is included in the received signal. For an image located at r i and a receiver located at r r , the horizontal and total separation distances are |R r -R i | and |r r -r i |, respectively. The contribution of the ith image to the frequency spectrum at the receiver can be written as
where P src (ω) is the frequency spectrum of the transmitted wave packet and s 0 is a reference distance used in the calibration of the source level. The reflection coefficients at the upper and lower boundaries are A(θ i ) and B(θ i ), where the local grazing angle θ i at a boundary is given by cos(θ i ) = |R r -R i | / |r r -r i |, and the m and n exponents indicate the number of interactions a ray has with a boundary. The time delay for propagation is t i = |r r -r i |/c with c being the speed of sound in the water.
During FY13, simulations of scattering from a 15-m radius fluid sphere in a 4000-m deep Pekeris waveguide with source-receiver-target separation distances on the order of 100 km revealed the implementation of the propagation component of the fast ray model violated reciprocity under certain conditions. If the source and receiver were located below the middepth of the Pekeris waveguide, the implementation satisfied reciprocity. If, however, either the source or receiver or both were above the mid-depth of the waveguide, then reciprocity failed.
The failure was caused by a change in the enumeration of image sources, the method used to determine the reflection coefficient exponents, and the selection of images that contribute within a time window of interest. The depth of the waveguide is h, and the actual source is located at z s (> 0) with the seafloor at z = 0. The first image was below the seafloor at z 1 = − z s . Additional images were added in quartets, because images planes were added in pairs, symmetrically about the seafloor. The qth quartet of image was added to the set of image with the following zcoordinates: 2qh + z s , 2qh − z s , −2qh − z s , and −2qh + z s with q = 1, 2, 3, …. The ordering assumed that z s < h/2, and the determination of the reflection coefficients assumed that the ray associated with the first image always interacted with the seafloor and the rays in the enumeration of the remaining image source then alternated with interacting with the air-water interface and seafloor. As long as z s < h/2, z 1 = − z s , and the addition of quartets followed the prescribed ordering, then the images were sorted in a manner consistent with the determination of the m and n exponents in Eq. (1), and reciprocity was ensured.
In the FY13 simulations with separation distances on the order of 100 km, it was advantageous to consider only a finite length time window, t w , with a defined time offset, t o . It then followed that only images with propagation delays t i = |r r -r i |/c within the time window needed to be considered; and so, the set of image were sorted such that t o ≤ t i ≤ t w and t i < t i+1 When z s > h/2, the new sorting led to a first image with z 1 = 2h -z s , and the ray associated with it reflects initially from the air-water interface. The implementation of the new model failed to updated the determination of m and n, and thus, reciprocity was violated. The violation of reciprocity in the benchmarks was caused by an unconditional use of (4) where the location of the actual source within the waveguide was ignored.
